Experiments have been carried out on the properties of a hollow cathode as an ion-source. The measured electron density, ion and neutral tem peratures and drift velocities have been compared with predictions from the conservation laws for m atter, momentum and energy.
Introduction
The magnetized hollow cathode arc is an easily accessible and versatile device for the study of highly ionized plasmas at low density [ 1 -3 ] . O f the incoming gas flux through the cathode a fraction is ionized which contributes to the formation o f an external plasma column. A description o f the cathode plasma is important for understanding gas efficiency, power consum ption and external arc conditions [4 -6 ] . The com plicated nature o f the cathode processes however permits detailed descrip tions only under rather strict assumptions [7] , Hollow cathodes can be applied in several geom etries [8] and m odes o f operation [9, 10] . We will confine ourselves to the study o f the plasma em inating from a cylindrical tantalum tube. As has been pointed out by D elcroix [8] such a cathode has several working regimes: the regim e o f low gas flow in which the cathode tip has the highest tem per ature, the low current regime with the presence o f cathode spots [11] and the normal m ode with a diffuse arc [ 12, 13] and with the highest tem per ature at a distance o f about the tube diam eter from the tip. Most of our experiments have been carried out in the normal m ode; at low currents a hot spot indeed has been observed.
A number o f important physical phenom ena has been studied by several authors. In the heating o f the cathode the electrical (D ebye) boundary layer plays a major role [14, 15] . This sheath also causes an enhanced thermionic em ission o f free electrons. The arc crosses the magnetic field inside the cathode, which sets up a rotational force density there. It has been pointed out that metastable particles play a role in the cathode operation [16, 17] ; also the volume ionization o f neutral particles by electrons that enter the internal plasma with about the sheath potential, is a process o f primary im portance.
An analysis o f the radial current density profile has been carried out in the case o f a negligibly small gas flow [17] , Also the ion dynamics may influence the radial currents. It will be shown that the longitudinal ion and neutral drift velocities ap proach the thermal speed [18] and may even be supersonic just behind the tube exit.
Because the main use o f hollow cathodes is in their source properties [1 9 -2 1 ] we will consider the mass, momentum and energy conversions o f the flowing gas in the cathode as a whole, rather than develop a detailed picture o f the physics inside. Nevertheless our experimental data will allow us to make estimates o f som e internal quantities. . This method has the disadvantage that the sampling is performed outside the plasma. So the velocity distribution is measured folded with a transmission probability, which is smaller for low velocity particles. These measurements indicate large veloc ities o f neutrals and m etastables but it cannot be excluded that these may originate from a high velocity tail. We will measure the velocity in situ, just behind the cathode exit by the method of Doppler interferometry [24] , These measurements, together with experiments on temperatures and densities, will permit us to draw conclusions on ion production rates, cathode saturation phenomena, m omentum balances and the main energy con version processes in the cathode. By this our pro gram is established.
Our experiments have been carried out on the large scale device at the Eindhoven University o f Technology, which has been described elsewhere [4, 12, 13, 25] . As a test gas we use argon.
Theory
As a theoretical framework for a diffuse cathode plasma [ 12] we will consider the conservation laws o f matter, longitudinal momentum and energy in the cathode. As stated before, our measurements have been done outside the tube itself. Therefore, an integral formulation o f the conservation laws is appropriate. Most o f our experiments have been carried out at a longitudinal distance z = 1 0 mm from the cathode tip, so we define this position as the outer boundary in the theory.
Matter conservation
The gas flow rate Ng, the number o f gas particles per second that enters the cathode, must leave it either as neutral gas flow rate (Na) or as ion flow rate (N;), singly or m ultiply ionized:
Ng=^i+^a= (/if^r+ » :^?)w ?.
(i)
Here n* and n* are the exit particle densities on the axis, w* is the heavy particle longitudinal drift velocity on the axis and A* and A* are the effective cross sections o f the ion and neutral flow rates:
The asterix * refers to a location o f observation which is 1 cm downstream from the cathode, r* = 10-2 m. It is appropriate to relate TVj to the charge carrier flux Ia/e, the arc current over the elementary charge. The arc current emerges from free electron emission and from ion recom bination at the inner cathode surface. Each spontaneously emitted electron gains about 30 eV energy in the D ebye sheath [15] and contributes to direct or stepwise ionization, which indicates a proportionally between jVj and I Je. The part o f la which is sustained by ion wall recombination contains a proportionality with n\, the ion density inside the cathode, and is therefore related to N{. N evertheless at very low gas flow, N; is limited by Ng. So we expect nearly full ionization at sufficiently small Ng and a saturation, Nfat o f Nj if Ng is large, with som e proportionality between and I Je. The ionized fraction a = NJNg must decrease from about 1 to 0 as Ng varies from 0 upwards.
Momentum conservation
Concerning the conservation o f longitudinal momentum within the cathode tube we distinguish as the main parameters the driving pressure Pg at the entrance o f the tube, the kinetic pressure (n* + n* + n*) kB T* and the convective momentum flux (n* + n*) m w*2 at the exit, and the viscous pressure decay APV along the tube. Here T is the exit temperature, which, because o f the high density, is about equal for the different kinds o f particles, electrons, ions and neutrals, kB is the Boltzmann constant and m is the ion mass. We note that the electric field plays no role [24] Here 7j is the ion temperature in eV and ln /I is the Coulom b logarithm. So, we estimate the plasma viscosity rf to be lower than 
The resulting Reynolds number, calculated with the parameterset listed in Table 1 Re = H'i/?! n\m/rf ,
w' = w l .
has a value o f about 20. This value is too small for turbulence and therefore the viscosity is the kinetic one o f (6). N ow we are able to estim ate the viscous pressure decay APv along the tube. Because o f the effective m omentum coupling between the wall and the plasma, the viscous pressure decay should be due mainly to velocity shear:
We calculate a value o f about 102 Pa.
Energy conservation
The power dissipation can be formulated for two systems: the metal tube and the plasma inside it [8] . 
We note that the heat conduction is negligible provided that the cathode has a length o f at least a few times Lh. This is the case in our experiments, as we will see. N ow Lh can be calculated from (10):
AhS ( 
We note that, in addition to statements by other authors [18, 7] , the possibility o f a temperature jum p Tl -Tc is left open. We defer the discussion on the energy balance o f the internal plasma, which can be obtained by the mere combination o f ( 12) with (13), to a later stage.
Experiments
The theoretical considerations o f Section 2 will be our guide in experimenting. The data needed are n* , vv*, T*, A* and A* besides som e externally adjustable arc parameters. We will m easure with a cylindrical tantalum cathode o f 3 mm inner and 4 mm outer radii and with a length o f about 10 cm. The arc length is about 1.3 m but in this work we use only data in the vicinity o f the cathode (Fig. 1) , in particular at z * = 1 0 m m . In order to obtain reproducible measurements we machine the cathode such that it is always operated with a flat end. In this way we get the velocity measurements at intervals o f several burning hours reproducibly within 5-15% . We measure only on the arc axis.
As far as the diagnostic equipment has been described elsewhere, we will refer to existing literature [4, 12, 13, 24, 25, 31].
Drift velocities of ions and neutrals
The external longitudinal drift velocities w* of the ions and the neutrals have been measured by Fabry-Perot interferometry o f the Doppler shift o f the 668.4 and 696.5 nm spectral lines respectively (Fig. 2) [24] .
In Fig. 3 Here T = k BT /e is the temperature in eV. The supersonic vv* indicates excellent possibilities for optim izing hollow cathode sources o f particle beams [31] . At the weak B condition the vv2 * still turns out to depend on N g (Fig. 5) and 7a (Figure 6 ). In the foregoing we have assumed im plicitly that the w* o f ions and neutrals is equal up to z = 10 mm. This is confirmed in Fig. 7 where both are shown separately.
The neutrals exhibit an expansion so that wz increases somewhat up to z = 20 mm. The consecutive decrease can be explained as follows. The neutral particle density is made up o f a hot fraction coming out o f the cathode and a cold fraction due to the neutrals because their profile is shifted with respect to that o f the cold gas.
We also have observed another phenom enon (Figure 9 ). The neutral particle density decreases stronger with z than is to be expected from free expansion. Habets et al. [32, 33] give a virtual source model for the expansion o f a m onoatom ic gas from a nozzle into vacuum. Situating the virtual source point on z = 0.15 R\ = 0.45 mm, we expect for z > 2.5 mm an expansion according to na ^ (z -z0) -2.
We have measured na by relating it to the density o f the Ar I 4p group, using the density ratio m ethod by Pots [ In Fig. 12 we see ion temperatures that must exceed the electron temperatures. In that case the ions are heated neither by the electrons, nor by the neutrals. Viscous heating must play a dominant role then [4, 13].
Particle temperatures

Electron densities
The electron density is established from the plasma continuum radiation [24] . A Thomson scat tering measurement [36] serves as a calibration.
We have measured ne with varying Ng, B and 7a as is shown in the Figures 1 6 -1 9 . We see that only variations o f 7a influence nt strongly.
From Fig. 20 it appears how nt decreases with z. An extrapolation towards z = 0 indicates a value for ne o f 1021 m -3 at the cathode tip.
We note that Fig. 20 indicates a radial expansion o f the plasma from z = 1 cm towards z = 2.5 cm. The expansion factor would be 2.3 in area, if the plasma was source free and no ionization occurred. However, as m entioned, ionization is present which Fig. 16 . The electron density as a function of the gas flow Fig. 19 . The electron density as a function of the arc cur at different arc currents. rent at weak B field. 
Driving pressure and arc voltage
The momentum balance (4) contains the driving pressure Pz o f the neutral gas entering the cathode Fig. 21 . The neutral gas driving pressure as a function of the gas flow at different arc currents. known to form hot spots, which may be the cause of the irregularity.
Discussion
We will discuss the consequences o f our ex perimental results regarding the theoretical con siderations o f section 2.
Matter conservation
As a first subject we consider the conservation of mass (1). Our measurements have been carried out at the axis o f the plasma, although also information on the cross section A* at z = 10 mm is needed. In the discussion on In Fig. 26 it is seen that saturates towards high gas flows. As has been our expectation in Sect. 2 the ion saturation production NfM is connected with ----------■ * ,------------ 
where the constant c = 0.05 at B = 0.2 T. The value o f c is som ewhat smaller than given in [31] . For a weak magnetic field a som ew hat higher value for c applies.
A literature survey by D elcroix and Trindade [8] shows that a number o f experimenters with hollow cathode arcs has chosen a N g in the vicinity of 0.05 l j e , with this rate as a mean value. Assuming that these experimenters have varied jVg around TV" 1, we suggest that (14) may have a general validity for hollow cathodes.
We will now estim ate the ratio £ o f the ion production within the cathode and the volume ionization in the external arc. Volume recom bina tion may be neglected [37] . With an arc length L a and radius Ra we write n R lL anena( a v e)i (15) Taking N-t = 0. 
Momentum conservation
As is seen in our measurem ents o f w* and Tj*, no linear proportionality between v* and w* is present. At r = 1 0 m m the ion flow cannot a priori be considered as sonic.
We find however that the driving pressure Pg is a function of N gm w * /A \ the convective m om entum flux at z = 10 mm (4). In Fig. 28 it appears that, regardless the value o f 7a, for a given B field the w* is determined by the choice of Pg and N g. The measured Pg is com pared with that calculated from (4) with insertion o f m easured data (dashed curve in Figure 28) . Here, the viscous decay AP, has been omitted since the calculated value o f about 1 0 2 Pa falls well within the uncertainty margin.
It is observed that there is a good agreem ent between the measured and calculated values for Pg.
Energy conservation
In order to get insight in the m ain energy con version processes in the cathode, we will estim ate the magnitudes of the terms in the ( 11), ( 12) , and (13).
First we check w hether the length L h of the hot cathode zone ( 1 1 ), corresponds with the visual estimate of about 1.5 cm. At a tem perature Tc of 3000 K tantalum has a K of 60 W /m K and an e of 0.3 [27] , With R\ = 3 and /? 2 = 4 m m and a ctSb of 5.67 • 10-8 W /m 2 K4 we calculate L h = 1.6cm. We note that according to ( 11) the tube tem perature in the hot zone cannot decrease much below 3000 K. The melting point of tantalum is 3269 K [27] , so also much higher tem peratures are excluded.
Next we consider the ion density n\ inside the cathode. The ions recombine on the hot inner cathode wall with a rate TV" 1 
We follow Resenov et al. [16, 17] by assuming that a considerable fraction of 7a is sustained by ion We see that the energy balance o f the cathode and the internal column together is dom inated by heat radiation as the main power loss mechanism and by the current over the voltage drop as the main power input. The therm al and convective power losses with the neutrals, ions and electrons however is not negligible. In order to check the balance of the tantalum tube itself, we first have to estimate the photon heating Pf in (13) . The Pf consists of plasma continuum radiation and line radiation. The con tinuum radiation [40, 41] inside the volume n R 2L contributes about 0.05 kW. The line radiation volume power dissipation arises mainly from A r I 4 p -4 s transitions. From extensive collisional radiative studies according to v.d. Sijde et al. [42] we estimate the 4 p density to be at most a factor of 103 above the Saha population [28] which can be calculated on the basis of n'e and f[. A density M 4 P) < 1.3 • 1018 m 3 and a resulting contribution to P{ smaller than 0.006 kW is calculated. As a conclusion we estimate P{ to be about 0.05 kW. Now we estimate the terms in (13) . As an ex ample we use 7e = 20 A and 7j = 30 A: From this balance we see that the radiative cooling power is mainly supplied by collisions of ions and neutral particles. From (17) it is clear that indeed 7; sustains a considerable fraction of 7a, for the neglect of 7j would lead to an unacceptably small energy supply. The energy balance of the ionized gas inside the cathode can be estimated from a com bination of (16) and (17) . We only consider the terms of at least 0.1 kW: The main heating mechanism is still the current passing the sheath voltage. The internal column is for the most part cooled by ions that escape towards the wall their ionization energy e V*.
We have seen in Fig. 23 that VD decreases as N g increases. In (18) the VD plays an im portant role: the decrease of VD diminishes the plasma power input although more particles leave the cathode and A^a0'1 increases. We conclude that at increasing N g the ion wall recom bination 7; should contribute more to / a because the 7e decreases with the de creasing field enhanced emission of electrons from the surface.
Conclusions
We have carried out experiments on the source properties of a hollow cathode. For a num ber of arc conditions accurate m easurements of the ion drift velocity, the tem perature and the electron density have been performed. W ith these data, combined with the arc param eters, we may draw some con clusions.
The ion drift velocity at weak B fields is signif icantly larger than the ion therm al speed. This supersonic flow is of interest for hollow cathode particle sources. A low B field is also appropriate for source applications because the external arc is not turbulent in that case [38] .
The neutral particle density in the first few centimeters of the external arc is determ ined by the expansion from the cathode. A fraction of the ex panding neutrals is as yet ionized there. At larger distances the neutral background density of the vessel dominates.
The ion production rate N\ of the cathode in creases with increasing gas flux N g and saturates at 5% of I Je, the net arc charge carrier flux. So a high ion production rate, close to 1 0 0 %, with a low gas waste can be obtained by drawing a strong arc current with limited gas flux. Also the ionization in the external arc is effective; only in the first few cm the ion influx from the cathode plays a significant role.
The neutral gas driving pressure P g just before the cathode entrance is a function of the produced convective mom entum flux, regardless the arc cur rent. This implies that the ion output drift velocity w* is a function of N g and Ps . It can therefore be adjusted by a choice of the latter parameters.
The energy balance of the cathode with its in ternal column shows that the strongest power input arises from the arc current that crosses the Debye sheath. This is dissipated mainly in the form o f heat radiation from the cathode surface and for a minor part by the kinetic energy of the outgoing particles. The tube itself is mainly heated by ion collisions.
It appears that a considerable part of the arc current at the inner cathode surface is sustained by recombining ions. The plasma inside the cathode gains its power from the arc current over the sheath and loses most of it by ion recombining collisions at the wall.
